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Abstract 
 
 
 
Microscopic gate-modulation imaging (-GMI) technique is developed to investigate a 
local carrier conduction in polycrystalline organic thin-film transistors (TFTs). The method 
sensitively detects a slight change of optical image for organic TFT channels induced by gate 
bias modulation, which allows us to visualize the spatial distribution of charge carriers in 
operating TFTs. We considerably improve the sensitivity by using the combination of a high 
frame-rate image sensor and a fast image processor. In addition, by introducing a high 
numerical aperture (NA) objective lens and an image intensifier system, we achieve the 
nanosecond transient imaging of local carrier conduction at around grain boundary with the 
diffraction-limit spatial resolution.  
By using the developed apparatus, we firstly conduct the -GMI measurements of 
polycrystalline pentacene TFTs to visualize the microscopic distribution of charge carries 
around the grain centers and grain boundaries. As a result, unexpectedly large inhomogeneity 
of GM signal distribution is observed. The image exhibits not only signals due to 
accumulated charges but also those due to leaked gate electric field. We reveal that such a 
signal distribution can be well understood by the inhomogeneous charge accumulation on the 
semiconductor channel. 
Then, we conduct the transient -GMI measurements to investigate microscopic carrier 
transport at around grain boundaries. We successfully obtain a series of temporal GM images 
that represented the gradual propagation of both channel charges and leaked gate fields 
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toward drain electrode. The obtained results are consistent with the measured field-effect 
mobility and the temporal-response model for organic TFTs. We acquire the first observation 
that carrier transport is obstructed by the grain boundaries and carrier traps. 
Thus, the -GMI technique enable us to clarify dynamic behavior of microscopic carrier 
conduction in organic electric devices. The findings in this study should provide a correct 
understanding about the effect of inhomogeneity on carrier transport in TFTs. 
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Chapter 1  
General introduction 
 
 
 
Organic semiconducting materials were reported for the first time as electrical 
conductive organic compound in the 1950s, and then have been investigated actively up to 
the present [1,2]. The materials are composed of a number of planer organic molecules, 
basically including benzene rings, and formed by the intermolecular van der Waals 
interaction. The electrical conductivity generally originates from delocalization and 
conjugation of  orbital on the benzene molecular plane, which form the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the 
materials. The larger molecule has the narrower energy gap between HOMO and LUMO, 
and the higher electrical conductivity, as exemplified by anthracene, tetracene, and pentacene. 
The crystalline color also varies in order of molecular size due to variation of the 
corresponding absorption wavelength. Furthermore, the intermolecular electric conductivity 
arises from the -orbital overlap with the adjacent molecules whose major axis is 
perpendicular to the molecular plane, and is determined by the transfer integral between the 
molecules. 
Organic semiconducting materials are roughly categorized into the small molecular and 
the polymeric semiconductor, as shown in Figure 1.1. Acene or polyacene arranging the 
benzene molecules linearly is well known as the former material group, particularly, 
pentacene is one of the most representative small molecular materials. The sulfur-containing 
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molecules, such as [1]benzothieno[3,2-b][1]benzothiophene (BTBT) and 
dinaphto[2,3-b:2’,3’-f]thieno[3,2-b] thiophene (DNTT), attract many interests for better 
conductivity and air-stability due to expansion of the electronic wave function within a 
molecule. In contrast, as the latter material group, the polymers containing thiophene ring, i.e. 
poly (3-hexylthiophene-2,5-diyl) (P3HT) and poly(2,5-bis(3-tetradecylthiophen-2-yl) 
thieno[3,2-b]thiophene) (PBTTT), have been commonly utilized in thin-film device due to 
high processability and solubility. Recently, a new series of semiconducting -conjugated 
copolymer with higher electrical conductivity has been developed. The polymer backbone 
consists of an alternating sequence of electron donor and electron acceptor units.  
The developments of the material synthesis and the process technology in last few 
decades enable to form crystalline organic thin films which exhibits high layer crystallinity 
(or tend to form layered molecular assembly) with uniaxially-oriented herringbone structure. 
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This has an advantage of lateral electrical conductivity, and has been studied the thin-film 
transistors (TFTs) on the basis of organic semiconductor film. The first investigation of 
organic TFTs were performed with merocyanine dye and polyacetylene polymer by research 
group in Japan [3,4]. Although the field-effect mobility of the time is below 105 cm2 V1 s1, 
it is recently reported that the excellent one is exhibited, well above that of the amorphous 
silicon [57], as seen in Figure 1.2. The organic field-effect transistors (FETs) are basically 
composed of gate electrode, insulator layer, semiconductor (channel) layer, and source/drain 
electrodes. Figures 1.3(a) and 1.3(b) show the typical operating principle of p-type FETs. 
The device structure is equivalent to that of a metal-insulator-semiconductor (MIS) capacitor 
[3739], so that the negative and positive charges are accumulated on insulator interface at 
metal and semiconductor side, respectively, when negative gate bias are applied. The 
positive charges (hole carriers) accumulated on semiconductor layer form the channel and 
encourage the electrical conduction between source and drain electrodes. In contrast, when 
non-gate bias or positive gate bias are applied, there is no electric current due to absence of 
Figure 1.2. Developments of field-effect mobility of organic TFTs [336]. 
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carrier in p-type semiconductor layer. The formation of channel layer by applying gate bias 
affects greatly the FET property. 
Here, we focus on the source/drain current ISD when altering the voltage between source 
and drain electrodes VSD with constant voltage of gate electrode VG. Figure 1.3(c) shows the 
output characteristics of ISD as function of VSD. The ISD increases linearly with VSD in low 
VSD region, and then saturates in excess of a certain VSD. They are named as linear and 
saturated regimes, respectively. The ISD in both regimes are described as follows: 
ܫୗୈ ൌ ܹܥߤܮ ୗܸୈ ൬ ୋܸ െ ୲ܸ୦ െ
1
2 ୗܸୈ൰ 	ሺlinear	regimeሻ, (1.1) 
ܫୗୈ ൌ ܹܥߤ2ܮ ሺ ୋܸ െ ୲ܸ୦ሻ
ଶ																	ሺsaturated	regimeሻ. (1.2) 
The field-effect mobility  in both regimes is derived from equation (1.1) and (1.2). 
Figure 1.3. Schematics of FETs in (a) depletion and (b) accumulation. 
(c) Output characteristics of FETs. 
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ߤ ൌ ܮܹܥ ୗܸୈ
߲ܫୗୈ
߲ ୋܸ 												ሺlinear	regimeሻ, (1.3) 
ߤ ൌ 2ܮܹܥ ቆ
߲ඥܫୗୈ
߲ ୋܸ ቇ
ଶ
	ሺsaturated	regimeሻ. (1.4) 
Here, L, W, and C are channel length and width, and capacitor of insulator layer, respectively. 
Vth is the threshold voltage.  
Polycrystalline semiconductor thin films are widely used to fabricate FETs because they 
have greater processability than single crystalline thin films. It is generally accepted for both 
organic and inorganic semiconductors that the polycrystalline film is considered to be 
naively composed of low and high conductive regions, i.e. the grain boundaries and the 
interior microcrystal grains, respectively, and the carrier transport in polycrystalline thin 
films are more or less affected by the former. Actual examples are found in a variety of 
semiconductor devices based on, i.e. polycrystalline silicon [4046], indium gallium zinc 
oxide [4749], carbon nanostructures [5055], organic–inorganic hybrid materials [5658], 
or organic semiconductors [5962]. In particular, carrier transport through the lateral 
conduction paths within polycrystalline thin films have marked effects on the device 
characteristics of thin-film transistors (TFTs). These effects naturally hold for organic TFTs, 
even though their channel layers are composed of molecular assemblies formed by weak van 
der Waals intermolecular interactions, so that grain boundaries between microcrystals are 
expected to have weaker effects than those in other materials.  
Recently, the organic TFTs have considerably attracted the interest in use of the 
large-area electronic devices fabricated on a plastic substrate by means of printing-based 
production technologies due to mechanical flexibility and solution-processability, such as 
sensor device [63], active-matrix backplane of display or electric paper [64,65], and 
radio-frequency identification tag [66]. All the organic TFTs contained in the large-area 
electric device must show the same property homogeneously for the correct operation, 
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whereas there is great variation since the semiconductor layer of the organic TFTs is 
commonly composed of polycrystalline film including a variety of microscopic morphology 
which have a completely different effect on the carrier transport. This is a critical problem 
for the practical use of organic thin film devices, and it is hoped to clarify the carrier 
transport mechanism in polycrystalline organic thin films. 
The investigation of carrier transport in organic polycrystalline thin films has already 
been conducted by various research approach. The electrical method for transfer 
characteristics, as described above, are most universally used for the measurement of carrier 
transport in the organic TFTs. This is very simple and manageable method, whereas the 
sporadic limiting factors in the whole device are mixed. This method is therefore used in 
combination with other techniques as below.  
The morphological features are observed by atomic force microscopy (AFM) [7,6769] 
or scanning electron microscopy (SEM) [9,70]. Kelvin probe force microscopy (KFM) has 
been used to investigate the surface potential profiles on the polycrystalline pentacene thin 
films [7177]. Furthermore, field-induced electron spin resonance (FI-ESR) examined the 
effect of carrier traps in organic thin films [7880]. Nevertheless, the microscopic carrier 
transport through polycrystalline semiconductors is insufficiently understood, mainly 
because the methods is unsuitable for the observation of transient carrier. 
Gate (or charge) modulation spectroscopy (GMS or CMS) has also been used for the 
measurement of the electronic state in organic thin films. Such spectroscopic analytical 
methods have several significant advantages; (1) the sample was less damaged due to the 
non-physical contact, (2) the high diffraction-limited spatial resolution was achieved in 
principle, which enable to detect the microscopic information, and (3) it is developable to the 
transient measurement, such as optical pomp-probe technique (whereas it is unsuitable to the 
TFTs due to photocarrier observation) [81,82]. Through the use of those advantage, the 
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microscopic transport mechanisms in the channel layers of organic TFTs has previously been 
investigated by the second-harmonic-generation (SHG) imaging technique [8385]. 
However, it is still unclear how carrier transport is affected or modulated by the limiting 
factors in polycrystalline channels, because the existing techniques are incapable of probing 
transient charge carriers directly. 
In this study, we primary intend to establish a microscopic carrier imaging technique by 
the combination of the GMS technique and the image sensor technology, and visualize the 
spatial distribution of charge-carrier densities within the semiconducting channel layer of 
polycrystalline organic TFTs. Secondary, we focus on the transient aspects of microscopic 
carrier conduction through the non-uniform channel layer including limiting factors of 
carrier transport, and demonstrate the correlation between polycrystalline morphologies and 
carrier transport. 
This thesis consists of the following chapters. In chapter 2, we explain the experimental 
methods for the visualization of carrier dynamics in TFTs. In chapter 3, we discuss the 
spatial distribution of charge carrier density in polycrystalline organic TFTs and the 
correlation with device characteristics. In chapter 4, the temporal evolution of accumulated 
charge in polycrystalline film is investigated. The effect of grain boundary and carrier trap 
on carrier transport is discussed. Finally, the general conclusions are presented in chapter 5. 
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Chapter 2  
Development of carrier imaging technique 
 
 
 
2.1 Gate-modulation spectroscopy 
 
Prior to describe the carrier imaging technique, we would like to introduce the original 
technique of this method namely the gate-modulation (or charge-modulation) spectroscopy 
(GMS or CMS). The GMS is known as a powerful experimental technique to probe the 
charge carriers accumulated in organic thin-film transistor (TFT) channels (Figure 2.1) 
[8693]. In the measurements, a square-wave ac bias is applied to the gate electrode of TFTs. 
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Figure 2.1. Schematics of gate-modulation spectroscopy measurements. 
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The TFTs are illuminated by the light source through a grating monochromator, and the 
reflected (or transmitted) light is probed by photodetector. The modulated reflectance (or 
transmittance) signal (R or T) is detected by lock-in technique to obtain the modulated 
absorption signal αd = R/R (or T/T) where α is the linear absorption coefficient, d is 
film thickness. It should be noted that tiny changes of the exciton absorption (about 0.01 % 
smaller than optical absorption) induced by the gate bias modulation is permitted to detect by 
using a lock-in amplifier. The method was originally reported by R. H. Friend et al. [86] and 
has been developed by a few groups in last few decades [8793].  
Herein, we refer typical results of the GMS measurements reported for organic TFTs. 
Figure 2.2 shows the gate-modulation (GM) spectra under positive and negative gate biases 
for pentacene TFTs [89]. The spectral features were clearly different from each other due to 
the p-type unipolar nature of pentacene semiconductor. The charge density should be 
modulated by applying a negative bias, whereas electric field modulation was achieved by 
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Figure 2.2. (a) Electrical characteristics, (b) GM signal intensity depending on gate
bias, and (c) field-modulated and charge-modulated absorption spectra for pentacene
TFTs [89]. 
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applying a positive bias. These spectra coincided well with the second and first derivative of 
the optical absorption spectrum, respectively. The first-derivative-like spectra of absorbance 
were well understood by the energy shift of optical absorption spectrum due to quadratic 
stark effect with the electric field between source/drain and gate electrodes. In contrast, it 
was recently reported that the second-derivative-like spectrum is due to the broadening of 
exciton absorption by charge accumulation, as associated with the violation of 
exciton-coupling effect [93]. Nonetheless, it is clear that the observed spectral line shape 
could be ascribed to the effect of charge accumulation in the channel semiconductor. This 
feature is quite useful to probe charges accumulated in operating TFTs.  
 
 
Figure 2.3. High spatial resolution by imaging technology.
15 
 
2.2 Gate-modulation imaging 
 
Considerable recent development and prevalence of the “image sensor technology” 
allow us a chance to explore advanced scientific tools for investigating “hidden” microscopic 
or mesoscopic inhomogeneity in materials and devices. We incorporated such imaging 
technique in the GMS measurements. As shown in Figure 2.3, this method namely 
gate-modulation imaging (GMI) is expected to detect the microscopic GM signal which are 
averaged over the whole channel in the GMS measurements and show the microscopic 
behavior of charge carriers in semiconductor materials.  
The principle of measurements is basically similar with GMS technique, except for 
using a two-dimensional area sensor, such as charge-coupled device (CCD) camera or 
Figure 2.4. Schematics of microscopic gate-modulation imaging measurements. 
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complementary metal-oxide-semiconductor (CMOS) camera, and a fast image processor, 
instead of usual photodetector and a lock-in amplifier [65,9496]. The measurements are 
conducted with a self-build apparatus with an optical microscope [Nikon, Japan], a light 
source, an objective lens, and a highly sensitive area-sensor, as schematically seen in Figure 
2.4. The TFT is irradiated by using a halogen lamp through a grating monochromator 
[Gemini 180; Horiba, Japan] or a light emitting diode (LED) light [M660L4; Thorlabs, 
USA], and the reflected (or transmitted) light is captured as an optical microscopic image by 
a CCD [BU-50LN; Bitran, Japan] or CMOS camera [pco.edge 5.5; PCO AG, Germany]. We 
successfully process the difference image signals at high signal-to-noise (S/N) ratios after the 
respective optical images at gate-on and gate-off states were acquired. The process is 
performed in an image processor [BPU-30; Bitran, Japan, or NI PXIe-1073; National 
instruments, USA], and the difference images are integrated rapidly to obtain the final GM 
image. 
For high spatial resolution, the measurements are performed through the use of an 
objective lens [CF Plan Apo 150x; Nikon, Japan] with high magnifying power, whose spatial 
resolution is estimated to be 430 nm at light wavelength of 670 nm, from the numerical 
aperture (NA = 0.95) of the objective lens, by Rayleigh resolution limit as follows: 
δ ൌ 0.61 ൈ ߣܰܣ , (2.1) 
where  and are the spatial resolution and the wavelength of probe light, respectively, 
which is labeled as microscopic gate-modulation imaging (μ-GMI). The objective lens with 
very short focal length of 200 m makes it difficult to apply for the sample sealing in optical 
cryostat, although the sealing is required to avoid degradation of device characteristics for 
organic TFTs. Against this issue, parylene C [diX-C; DSK, Japan] is utilized as transparent 
passivation layer on the organic TFTs with the thickness of a few hundred nanometers. 
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2.3 Sensitivity improvement by high-speed image processing 
 
As mentioned above, the GM signal is smaller than absorbance by four orders of 
magnitude, so that its detection requires the sensitive technique. In the case of GMS 
measurements, the lock-in amplifier plays a function in high-sensitivity and 
noise-reduction, whereas it is impossible to be used in conjunction with area image sensor. 
To obtain the GM image at higher S/N ratios, we invented a high-speed image processing 
system. The system allows the fast-differential-process of the captured images by a high 
frame-rate camera, which improves the S/N ratio in a shorter time. Additionally, it is 
expected that the sensitivity of image was also improved due to negligible component of 
the noise with smaller frequency than that of the measurement. Figure 2.5 shows the GM 
images for a single organic TFTs with respective integration number N measured by CCD 
camera, and the root-mean-square (RMS) noise of GM images obtained by CCD and 
CMOS camera as a function of N [65,96]. The frequency of gate bias is 15 Hz and 45 Hz, 
Figure 2.5. (a) GM images at integrated number N. (b) RMS noise as a function of N [65,96]. 
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respectively. The weak GM signal (T/T = 2 × 104 at VG = 40 V) in GM images 
captured by CCD camera distinctly observed at N ≥ 10,000, when it took about 6 min, and 
the RMS noise decrease as function of N0.5. In contrast, it took only about 3 min to 
decrease the RMS noise in the GM image obtained by CMOS camera to the same level as 
above. 
 
 
2.4 Transient imaging by image intensifier 
 
The -GMI technique enables us to observe the spatial distribution of charge carrier in a 
steady state only. By taking advantage of the rapid response of the -GMI technique, it 
should be possible to investigate more directly the charge-carrier dynamics within the 
channel layers of the polycrystalline TFT. For this purpose, we also examine the continuous 
Figure 2.6. Schematics of time-resolved microscopic gate-modulation imaging 
measurements. 
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variation of carrier distribution in a transient state. The time-resolved microscopic 
gate-modulation imaging (TR-GMI) technique is developed by introducing the fast image 
intensifier system to the -GMI technique. The system is composed of an image intensifier 
that could amplify the signal intensity of optical image, and relay lens, which is placed 
between the camera and an optical microscope, as schematically shown in Figure 2.6. The 
temporal resolution of the measurement is determined by the operation time of an image 
intensifier which has ultra-fast (~5 ns) electrical shutter. A series of instantaneous transient 
GM images are acquired by capturing the optical microscopic images at various time 
intervals after the stepped gate bias was switched on, and then subtracting the fixed gate-off 
image from it.  
 
 
2.5 Summary 
 
We develop the -GMI technique in conjunction with image sensor technology and 
high-NA objective lens, for probing the spatial distribution of channel charge density at the 
microcrystal level in polycrystalline TFTs. A high-speed image processing system is utilized 
for lock-in image sensing, which enables us to detect weak GM signal sensitively. The image 
intensifier unit is also introduced into the apparatus to investigate temporal evolution of 
carrier transport with the nanosecond time resolution. 
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Chapter 3  
Visualization of charge distribution accumulated in 
polycrystalline film 
 
 
 
3.1 Introduction 
 
In this chapter, we examine the spatial distribution of charge carrier density in 
polycrystalline channel layer of pentacene TFTs, by means of the microscopic 
gate-modulation imaging (-GMI) technique, explained in the previous chapter, and discuss 
the correlation with the TFT characteristics. 
 
 
3.2 Polycrystalline pentacene thin film transistors 
 
3.2.1 Sample fabrication 
 
We used polycrystalline pentacene TFTs for all the -GMI measurements as described 
in this thesis. We prepared the samples for both reflection- and transmission-mode -GMI 
measurements. For the reflection-mode, the devices were fabricated on silicon oxide 
(100-nm-thick)/p-type silicon (0.5 mm in thickness with resistivity of ~0.02 ·m) [Furuuchi 
Chem., Japan] substrates in a bottom-gate, top-contact configuration, with a channel length 
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of 100 m and channel width of 1 mm, as shown in Figure 3.1(a). The silicon wafer 
substrate was cleaned by supersonic bath of acetone, ethyl or isopropyl alcohol, and 
ultrapure water for 3 minutes. Prior to the active layer deposition, the crucible and its 
contents were heated for an hour at 483 K for degassing. Then the channel pentacene layer 
(60–100 nm in thickness, purified three times by vacuum sublimation, 99.9 %) [NARD 
Institute, Japan] was formed in vacuum (pressure 10–5 Pa) at an evaporation rate of 0.01 nm 
s–1 and was patterned by the shadow mask. Two kinds of pentacene films with larger and 
smaller average grain sizes were obtained by the deposition at different substrate temperature 
of 343 and 303 K, respectively. Gold source and drain electrodes (40 nm in thickness) were 
formed in vacuum. For the transmission-mode, the semitransparent polycrystalline pentacene 
TFTs were manufactured. The devices are composed of quartz glass (0.5 mm in thickness) 
[EIKOH, Japan] as the substrate, semitransparent ultrathin gold film (6 nm) as the gate 
electrode, polymethyl methacrylate (PMMA, 440 nm) as the gate dielectric layer, a 
semiconducting pentacene layer, and gold source/drain electrode (50 nm) in a bottom-gate, 
top-contact configuration, with the same channel length and width as above, as shown in 
Figure 3.1(b). The quartz glass substrate was cleaned as with silicon wafer. The PMMA layer 
was spin-coated (60 s at 2,000 rpm) with the 50 g l1 solution in toluene and was 
successively annealed at 423 K for 10 min. The pentacene layer was deposited at substrate 
temperature of 343 K. Finally, all the devices were coated with a layer of Parylene C (200 
nm) by the chemical vapor deposition to prevent degradation by oxygen and moisture. All 
the device-fabrication operations were conducted in a glove box filled with inert N2 gas. 
Figures 3.2(a)3.2(c) show AFM images of pentacene films on silicon wafer deposited 
at substrate temperature of 343 and 303 K, and that on quartz glass at substrate temperature 
of 343 K. The white curves in the figures indicate the boundary of a mono-crystalline grain. 
They were composed of a lot of crystalline grains with dendritic shape, and we confirmed 
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parylene C
pentacene
silicon wafer
（SiO2/Si）
parylene C
quartz
pentacene
PMMA
source/drain
gate
source/drain
Figure 3.1. Device structures for (a) reflection-mode and (b) transmission-mode
measurements. 
 
Figure 3.2. AFM images and histograms of grain size for polycrystalline
pentacene films at substrate temperature of (a) 343 K and (b) 303 K on
silicon wafer, and (c) on PMMA layer. 
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Figure 3.3. Transfer characteristics in (a) saturated and (c) linear regimes, (b) field-effect
mobility, (d) output characteristics, and (e) the comparison between before and after coating
parylene C for pentacene TFTs on silicon wafer. 
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that the substrate temperature affected the grain size of pentacene film on same substrate. In 
contrast, the smaller pentacene grain was obtained in the semitransparent devices on quartz 
glass despite same substrate temperature with that on silicon wafer due to the different 
surface condition on the PMMA gate-dielectric layer. The histograms of grain diameter were 
estimated from area of individual grains in AFM images by assuming isotropic grain shape 
for pentacene films. By the histograms, the average grain size was obtained at 3.2, 2.0, and 
0.89 m for the films deposited at 303 and 343 K on silicon wafer, and at 343 K on PMMA 
layer, respectively.  
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3.2.2 FET property 
 
Figures 3.3(a) and 3.4(a) show the transistor characteristics under saturated regime 
measured for the pentacene TFTs with the average grain size of 3.2, 2.0, and 0.89 m. The 
measurements were performed by using a semiconductor parametric analyzer [E5270A; 
Agilent, USA]. The hysteresis between the forward and reverse scan was very small, and the 
on/off current ratio reached as high as 105. The field-effect mobility as seen in Figures 3.3(b) 
and 3.4(b) was estimated at 1.1, 0.4, and 0.25 cm2 V–1 s–1, respectively. The clear correlation 
between mobility and grain size indicates that the microscopic carrier transport is limited by 
local carrier conduction through grain boundaries [97-101]. The black and red lines in Figure 
3.3(e) represent the characteristics for pentacene TFTs with grain size 3.2 m and 2.0 m 
before and after coating the Parylene C, respectively. They fairly coincide with each other. 
We also measured the capacitance of silicon oxide and PMMA film as insulator layer in 
the TFTs, by using an impedance analyzer [SI1260; Solartron Analytical, UK]. The 
measurements were conducted with the metal-insulator-metal device composed of Au 
top-contact electrode (20 nm) with area of 1 mm2 on each film. The obtained capacitances 
for silicon oxide and PMMA film were determined to be approximately 350 and 70 pF at 
frequency from 10 to 100 Hz, respectively. They are well consistent with the capacitance C 
calculated with permittivity ߝ୰ of 3.9 and 4.0 and thickness d of each film, respectively, by 
the following equation. 
ܥ ൌ ߝ଴ߝ୰ܵ݀ , (3.1) 
where ߝ଴ is permittivity of vacuum, and S is area of electrode. 
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3.2.3 Optical absorption and gate-modulation spectroscopy 
 
Figure 3.5(a) shows the optical absorption spectrum for pentacene film, which were 
measured by a microscopic photospectrometer [MSV-5200; JASCO, Japan]. The 
measurements were conducted for the pentacene film deposited on quartz glass with 
transmission-mode to prevent the occurrence of Fabry-Perot interference. The spectral peaks 
appeared at photon energies of 1.85, 1.96, 2.13 and 2.28 eV. The peaks at 1.85 and 1.96 eV 
can be ascribed to the Davydov components of the transition between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), and the 
other peaks can be ascribed to vibronic progression accompanied with the HOMO-LUMO 
transition [102,103].  
We examined the conventional macroscopic GM spectroscopy for pentacene TFTs. The 
measurements were conducted by using a Cassegrain-type microscope system [Nikon, 
Figure 3.5. (a) Optical absorption spectrum for pentacene film. (b) Reflection-mode
GM spectrum for pentacene TFTs with grain size of 3.2 m. 
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Japan] combined with a halogen lamp as light source and a grating monochromator 
[CT-25GT; JASCO, Japan] whose spectral resolution and focal length were 6 nm and 257.4 
mm, respectively. A square-wave modulated gate bias (alternating between 0 V and -40 V at 
15 Hz) was applied at a duty ratio of 50 %, by a function generator [81110A; Agilent, USA]. 
A Si photodiode [SM05PD2A; Thorlabs, USA] sensed the reflected (or transmitted) light 
from the irradiated broad area of semiconductor channel (1,500 m2), and the optical (R or 
T) and the modulated signal intensity (R or T) are detected by a lock-in amplifier [LI5640; 
NF, Japan] and a multimeter [keithley 2010; Tektronix, USA]. Thus, the spectroscopic 
response of local crystalline grain is averaged over the area in the GM spectrum. The results 
for that fabricated at substrate temperature of 343 K on silicon wafer is shown in Figure 
3.5(b). The positive peaks were obtained at 1.80 and 2.05 eV, and the negative peaks were 
observed at 1.85, 2.20 and 2.30 eV, whose spectral feature consists with those reported in the 
previous studies [89]. It should be noted that the photon energy of negative peaks in the GM 
spectrum correspond to that in optical absorption spectrum, indicating this would reflects the 
electrical change of semiconductor channel. 
 
 
3.3 Microscopic gate-modulation imaging 
 
3.3.1 Measurement conditions 
 
The -GMI measurements were carried out for polycrystalline pentacene TFTs by 
utilizing a self-build apparatus of optical microscope [Nikon, Japan] with high magnification 
and numerical aperture, and a highly sensitive area-image sensor, as schematically presented 
in Figure 2.4. The TFTs were irradiated by using a halogen lamp through a double 
monochromator as the light source, and the reflected (or transmitted) light was captured as 
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an optical image by a charge-coupled device (CCD) area sensor [BU-50LN; Bitran, Japan]. 
The photon energy (or wavelength) of probe light is 1.85 eV (or 670 nm) because of the 
larger negative GM signal, as seen in Figure 3.5(b), corresponding to the HOMO-LUMO 
transition. The trigger timing of the camera exposure, light irradiation and the gate bias 
application in two cases was seen in Figure 3.6, which was controlled by synchronized two 
function generators [WF1974; NF, Japan]. Square-wave gate bias pulses between 0 V and 
40V at 15 Hz was applied at a duty ratio of 50 %, and the source and drain electrodes were 
grounded. In the case of CCD camera, the reflected (or transmitted) light images were 
captured at a frequency of 30 Hz with an exposure time of 30 ms and a delay time of 0 ms 
after gate-on or gate-off, images for both of which were captured. In the image processing, 
the differential images between gate-on and gate-off states were integrated over 9,000 cycles 
to obtain the final GM image (–R/R or –T/T). 
 
 
Figure 3.6. Timing diagram of gate bias and camera in the
-GMI measurements. 
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3.3.2 Results 
 
Figure 3.7 show an optical microscope image and the corresponding microscopic GM 
image of the pentacene thin films with average grain size of 3.2 m fabricated on a silicon 
wafer substrate, measured at the probe photon energy of 1.85 eV. Thick white curve indicates 
the boundary of a mono-crystalline grain, as identified by the crossed-Nicols polarized 
micrographs (Figure 3.8). The obtained microscopic GM image includes positive 
(red-colored) and negative (blue-colored) signals, which distributes inhomogeneously in 
polycrystalline pentacene film. It should be associated with spatial distribution of 
accumulated charge carriers in the channel. The comparison between optical and 
microscopic GM images indicates that the GM signal distribution depends clearly on the 
grain-shape profiles; i.e. the positive GM signal areas are mostly located inside the grains, 
whereas the negative GM signal areas are mostly located near the grain boundaries. We 
successfully observed the inhomogeneous distribution of positive and negative GM signals 
in associate with polycrystalline grain-shape, indicating the difference of local electric state, 
for the first time. 
 
 
3.4 Local spectroscopic analysis of gate-modulation signal 
 
3.4.1 Photon energy-dependent -GMI 
 
To identify the origin of the observed positive and negative GM signals at 1.85 eV, the 
-GMI measurements at various photon energies were conducted. Figure 3.9 presents the 
optical microscope images and the corresponding microscopic GM images obtained at 10 nm 
intervals in the range from 500 nm to 730 nm. It was found that the whole distribution 
features of the positive and negative GM signals exhibit significantly variation, depending 
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on the incident photon energy. The microscopic local-area signal at identical positions was 
extracted from the respective microscopic GM images with the area size of 0.012 m2, and 
was plotted as a function of the photon energy. 
The obtained microscopic GM spectra are seen in Figure 3.10(a): Spectra A, B, and C 
correspond to those of the areas showing positive, negative, and intermediate (green-colored) 
GM signals at 1.85 eV, respectively. It was found that the spectra A and B roughly coincide 
with the first- and second-derivative curves of the original optical absorption spectrum, as 
shown by dashed curves, respectively. In contrast, we found that the spectrum C is 
intermediate between the spectra A and B, which can be roughly reproduced by the sum of  
Figure 3.8. Crossed-Nicols polarized micrographs for polycrystalline pentacene thin
films with grain size of 3.2 mm, at polarization rotation angle of (a) 0°, (b) 15°, (c) 30°,
and (d) 45°. 
Figure 3.7. Optical microscope image and microscopic GM image at photon energy
of 1.85 eV, for pentacene TFTs with grain size of 3.2 m. 
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first- and second-derivative curves, as presented by the dashed curves in the figure. Note that 
all the area of GM image in Figure 3.7 present similar spectral features to those of spectra A, 
B, or C. 
 
Figure 3.9. Microscopic GM images and the corresponding optical microscope images for
pentacene TFTs with grain size of 3.2 m, at wavelength intervals of 10 nm between 500 nm
and 730 nm. 
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3.4.2 Interpretation by the previous study 
 
A positive gate-bias modulation induces a slight shift of the absorption spectrum as a 
result of a quadratic Stark effect, which eventually affords the first-derivative-like spectrum 
[89,104]. In contrast, the origin of second-derivative-like spectrum, as observed in the lower 
panel of Figure 2.2, has been still controversial [8693]. Rather the spectral shape seems to 
be intermediate between absorption bleaching and second-derivative-like spectrum. 
Furthermore, it was recently discussed that the second-derivative-like spectrum can be 
ascribed to a spectral broadening, which is induced by charge accumulation, as associated 
with the violation of exciton-coupling effects in donor-acceptor-type polymeric organic 
semiconductors [93]. Note that the second-derivative-like feature, as observed in the 
microscopic GM spectrum (spectrum B in Figure 3.10(a)), is much clearer than the 
conventional macroscopic GM spectrum. This indicates that the microscopic GM spectrum 
should reflect the intrinsic (or pure) response of pentacene, whereas the conventional 
macroscopic GM spectrum is affected by the mixture of two distinct spectra A and B, as 
discussed later. Nonetheless, the obtained results and the arguments provide a clear evidence 
that the second-derivative-like feature should be ascribed to the effect of charge 
accumulation, even if the origin has not yet been established. 
Based on the comparisons with the conventional GM spectra as presented above, we 
conclude that the inhomogeneous spatial distribution of negative and positive GM signals 
corresponds to the inhomogeneous distribution of accumulated charges and electric fields, 
respectively, in the polycrystalline pentacene thin films. It is observed that the accumulated 
charges are dominantly distributed at the dark-blue-colored areas (such as position B in 
Figure 3.10(a)), whereas the local electric fields are distributed in the red-colored areas (such 
as position A in Figure 3.10(a)). Note that we also observed a positive peak signal at around 
1.26 eV in the conventional macroscopic GM spectrum, as shown in the inset of Figure 
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2.2(c). The feature could be ascribed to the polaron absorption of the accumulated charges. 
However, it was not possible to obtain the microscopic GM images at 1.26 eV, due to the 
smaller GM signal intensity than that at 1.85 eV. 
 
 
Figure 3.10. (a) GM spectra at local areas (with size of 0.012 m2 by each 4-pixel 
detections) showing positive (A), negative (B), and intermediate (C) signals in the
microscopic GM images at 1.85 eV. (b) Schematics for mechanism of inhomogeneous
charge and filed distribution in a polycrystalline channel layer. Blue and red arrows 
indicate gate electric fields that are shielded by accumulated charge and are leaked into the
channel layer, respectively. 
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3.5 Model of charge density distribution in polycrystalline film 
 
In case of an ideal MIS field-effect device structures that involve uniform channel 
semiconductor layer, the inhomogeneous distribution of charges and field, as obtained above, 
is not expected under a forward gate bias condition. Therefore, the observed inhomogeneous 
microscopic GM images could be understood under an assumption that the gate electric field 
is not shielded in specific local areas that have low carrier densities, but is leaked into the 
channel layers, as schematically depicted in Figure 3.10(b). It is most probable that such a 
considerably inhomogeneous charge carrier distribution should be associated with a sparse 
presence of concentrated charge carrier traps in the polycrystalline pentacene thin films, 
which has not yet been experimentally probed so far. 
From the features in Figure 3.7, the grain center is predominated by a 
low-charge-density area, whereas the grain edge is predominantly a high-charge-density area. 
This indicates that the carrier density is higher at the grain edge than at the grain center. 
However, we also notice the following interesting feature: The second-derivative-like 
spectral component is not found just on the grain boundaries, but is extended over a region 
from the boundaries with width as large as 1 m. It is most probable from the observed 
feature that the deep traps should be concentrated near the peripheries of the individual 
grains, but are spatially extended from the grain boundaries. 
On the other hand, green-colored small spotty areas, as observed at around the grain 
center, could be ascribed to some carrier trap centers whose depth in energy is shallower than 
that of the grain boundary. We here mention that the depth of these traps should be shallower 
than the thermal energy (≲ 25 meV) at room temperature, because these traps had to be 
charged or discharged by the gate-bias modulation to be observed as the microscopic GM 
images. Actually, it has been reported, on the basis of analyses of field-induced electron spin 
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resonance, that two kinds of traps with depths of 5–15 meV and 22 meV should be present in 
polycrystalline pentacene thin films [105,106]. 
In order to check the physical validity of the above assumptions, we also conducted a 
numerical simulation of gate electric field distributions in the TFTs that involve 
inhomogeneous charge distribution in the channels, by using COMSOL Multiphysics version 
5.3. The model TFT consists of a stack of gate electrode, gate insulator (100 nm thick with 
relative permittivity of 3.9), semiconductor layer (100 nm thick with relative permittivity of 
3.2) [107], and air (relative permittivity of 1.0). We assumed that the charged areas are 
located at semiconductor/insulator interface with a restricted width of 1 m along the 
channel, and are arranged periodically with intervals of 4 m. Static electric field 
distribution was obtained by solving the Poisson equation in two-dimension numerically 
under periodic boundary condition. In the simulation, we assumed that the density of 
positive charge (hole), ߩ, is distributed with a smooth function; ߩ ൌ cosଶ ቀగ௫ଶ௔ቁ ሺെܽ ൑ ݔ ൑
ܽሻ, where x is the coordinate along the semiconductor/insulator interface and ܽ ൌ 0.5	μm, 
as presented in the upper panel of Figure 3.11(c). Figures 3.11(a) and 3.11(b) present the 
simulated results for the electric potential and electric field distribution maps within the 
whole TFT device, respectively. The upper and lower panels of Figure 3.11(d) present the x 
and y components and the amplitude of the electric field along the lines 200 nm above and 
below the semiconductor/insulator interface, respectively. The electric field intensity is 
highest just above and below the distributed charges, whereas the field intensity decreases 
gradually with the distance from the charges. The electric field still has a large y component 
at around distance of 1.5 m away from the charge center, which is estimated at about 0.5 
MV/cm. This strength of leaked gate electric field is considered reasonable by the 
observation of the -GMI measurements: the ratio of the positive (i.e. first-derivative-like) 
signal to the negative (i.e. second-derivative-like) signal is estimated at about 2/5. The 
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leaked gate electric field at grain center, as observed in the GM image, can be estimated at 
about 0.16 MV/cm from the comparison with the direct field-modulation measurement as 
presented in Figure 2.2(b) [89].  
 
Figure 3.11. The simulated results for (a) the electric potential and (b) the electric field distribution
map. (c) The assumed distribution of charge density. (d) The results for x and y components and
amplitude of the electric field at position 200 nm above (upper) and below (lower) from
semiconductor-insulator interface and (e) the expansion of upper panel in (d), at 1.5 m away from
charged region. 
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3.5.1 Grain size-dependent -GMI 
 
We investigated the effect of grain sizes on the microscopic GM images, to further 
examine the effect of grain boundaries and correlation to the device characteristics. For this 
purpose, we manufactured polycrystalline pentacene thin films with different grain sizes by 
controlling the substrate temperature of 343 K and 303 K in the thin film fabrication process, 
as described in section 3.2.1. Figure 3.12 shows the conventional macroscopic GM spectra, 
obtained by summing local signals in the microscopic GM images over a channel area of 
1,500 m2, for the pentacene film with grain size of 3.2 (green) and 2.0 m (black). The 
spectral signatures are basically similar to one another and also with the previous report 
(Figure 2.2(b) [89]). Furthermore, a clear difference between the spectra was evident in 
terms of the respective peak heights; the positive (1.80 eV) and negative (1.85 eV) peak 
heights clearly depend on the grain size. The result should be associated with the variation of 
total deep trap densities by the grain sizes, as discussed below.  
Figure 3.13 shows the optical microscope images and the corresponding microscopic 
GM images for the polycrystalline film with smaller grain of 2.0 m, obtained at 10 nm 
Figure 3.12. The GM spectra (area size of 1,500 m2) for pentacene TFTs with
grain size of 3.2 m and 2.0 m. 
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intervals in the range from 500 nm to 730 nm. As is the case with the larger grain, the whole 
distribution features of the GM signals exhibit marked variation, depending on the incident 
photon energy. We compared the microscopic GM images and the corresponding optical 
images, obtained both at photon energy of 1.85 eV, for the polycrystalline pentacene thin 
films with larger (upper Figures. 3.14(a), (c), and (e)) and smaller (lower Figures. 3.14(b), 
(d), and (f)) grain sizes on silicon wafer. Notable difference was clearly seen between the 
microscopic GM images of the films with different grain sizes: The positive GM signals 
were dominated in the film with larger grains, whereas the negative GM signals were 
dominated in the film with smaller grains. Such a difference is also evident in the histogram 
of GM signals for the respective images, as presented in Figure 3.14(g). 
These results give a reasonable account for the grain-size dependence of both the TFT 
device characteristics and the macroscopic GM spectra: With the decrease of the grain size, 
the red-colored area shrinks, and the blue-colored area grows in the microscopic GM images. 
The feature is attributed to the fact that the deep traps are concentrated near the grain 
boundaries, and are spatially extended over a width of about 1 m, as is consistent with the 
discussions presented above. It can also be seen in Figures 3.14(c) and 3.14 (d) that deep 
traps tend to be distributed along the grain edges, but they do not cover the grain edges 
entirely. 
As for the non-uniform trap distributions at the grain boundaries, it has been 
theoretically predicted on the basis of self-consistent polarization field (SCPF) calculations 
that the potential barrier height and the deep-trap distribution around grain boundaries 
depend on the relative microcrystal orientation and the gap distance between neighboring 
grains [108]. It was also reported that the relative angles between the crystal axes of 
neighboring grains are distributed almost randomly for polycrystalline pentacene thin films 
[109]. We also note that the surface potential profiles obtained by the KFM revealed that 
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potential wells are highly localized at grain boundaries, whereas the surface potential energy 
is homogeneously distributed on the grain center [74,75]. The spatial extension of 
concentrated trap area is rather different from the present observation. We consider that the 
-GMI technique is more sensitive in terms of the trapped carrier concentrations that is 
associated with the carrier conduction. 
 
Figure 3.13. Microscopic GM images and the corresponding optical microscope
images for pentacene TFT with grain size of 2.0 m, at wavelength intervals of
10nm between 500 nm and 730 nm. 
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Figure 3.15. Crossed-Nicols polarized micrographs for polycrystalline pentacene films
with grain size of 2.0 m, at polarization rotation angle of (a) 0°, and 45°. 
Figure 3.14. Microscopic GM images of polycrystalline pentacene films with grain size of
(a) 3.2 m and (b) 2.0 m, and (c) the expanded microscopic GM image of (a), and (d)
expanded one of (b), and (e) the corresponding optical image of (a), and (f) corresponding
one of (b). All the probed photon energy is 1.85 eV. White curves indicate the grain
boundaries for a specific grain. (g) Histogram of local GM signals in the respective
microscopic GM images. 
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3.5.2 Gate voltage-dependent -GMI 
 
We investigated the gate-bias dependence of microscopic GM images, to further 
examine the effect of total charge carrier density on the microscopic GM images. Note that 
the -GMI measurement in this section is conducted by using a CMOS camera. We 
measured two kinds of microscopic GM images; low dc-gate-bias image by applying 
alternating gate modulation biases between 0 V and 5 V, and high dc-gate-bias image by 
applying gate modulation biases between 35 V and 40 V. Figures 3.16(a) and 3.16(b) 
exhibit the expanded microscopic GM images around two spotty areas showing negative GM 
signals. Black curves are the boundaries between positive and negative signals in the 
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Figure 3.16. Microscopic GM images at (a) low (between 0 V and 5 V) and (b) high (between
35 V and 40 V) gate bias modulations  
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respective images. It was found that the negative signal area is slightly enlarged in the high 
dc-gate-bias GM image. The result is basically consistent with the model shown in Figure 
3.10(b): The application of high dc-gate-bias should allow to fill the traps more, so that the 
negative signal area should be expanded.  
Figure 3.16(c) presents the histogram of microscopic GM signals for the respective 
images. It was found that the total negative (or positive) GM signal area is larger (or smaller) 
in the high dc-gate-bias image than that in the low dc-gate-bias image. It was also found that 
the distribution of positive GM signal is peaked at smaller signal value in the high 
dc-gate-bias image. We consider that the feature should be ascribed to the shielding effect of 
gate electric field, which should become more efficient by the application of high dc-gate 
bias. 
 
 
3.5.3 Comparison between reflection-mode and transmission-mode 
 
In addition to the reflection-mode microscopic GM images as thus far described, we 
investigated the transmission-mode microscopic GM images. Figures 3.17(a) and 3.17(b) 
present the transmission-mode microscopic GM image and the corresponding optical 
microscope image of a semitransparent pentacene TFT whose schematic device structure is 
shown in Figure 3.1(b). The microscopic GM image is dominated by the negative signals as 
seen in the histogram of GM signals shown in Figure 3.17(c). The result is consistent with 
the grain size dependence of GM signal distribution, as mentioned above. The field-effect 
mobility, estimated at 0.25 cm2 V-1 s-1 (Figures 3.4), is also consistent with the above trend. 
These results indicate that either reflection- or transmission-mode measurements basically 
provide the same results. 
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Figure 3.18. Crossed-Nicols polarized micrographs for polycrystalline pentacene
thin film with grain size of 3.2 m, at a certain polarization rotation angle. White
curves indicate the grain boundaries. (b) The features of microscopic GM images at
1.85 eV are highlighted at grain boundaries among microcrystals denoted as A, B,
and C, and (c) between microcrystals denoted as A and D. 
Figure 3.17. (a) Transmission-mode microscope GM image and (b) optical 
microscope image for polycrystalline pentacene thin film. (c) Histogram of local 
GM signals in the microscopic GM image. 
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3.6 Effect of relative orientation with neighboring grain 
 
We investigated the effect of relative microcrystal orientations on the microscopic GM 
images. Figure 3.8 shows the crossed-Nicols polarized micrographs at rotation-angle 
intervals of 15°, where the grain boundaries are indicated by the white curves. The image 
contrast between the neighboring grains can be roughly sorted into the following intergrain 
combinations in Figure 3.18(a); the intergrain [A–C] contacts corresponds to a bright–bright 
(or dark–dark) combination, indicating that the relative orientation angle is close to 0° or 90°. 
In contrast, the [A–B] and [A–D] contacts are bright–dark combinations, indicating that the 
relative orientation angle is close to 45°. The obtained microscopic GM images shown in 
Figure 3.18(b) indicate that high-density trapped charges are distributed along the grain edge 
between the [A–B] and [A–C] contacts, whereas high-density trapped charges are 
accumulated along the upper edge, but are absent at the lower edge, between the [A–D] 
contacts, as shown in Figure 3.18(c). From the observations, we conclude that there is no 
correlation between the trap distribution and the relative microcrystal orientations. The 
concentrated trap regions should be spatially extended over a width of about areas larger 
than 1 m. A possible mechanism for the spatial extension is that residual stresses caused by 
intergrain contacts remain near grain boundaries, and the effects are extended over an area as 
large as a few micrometers. These results imply that the trap distribution is not simply 
determined by the relative orientation of neighboring grains [108]. 
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3.7 Summary 
 
We successfully visualize the local accumulated charge and electric field distributions 
around microcrystal grains in operating polycrystalline pentacene TFTs by means of the 
diffraction-limit -GMI technique. Unexpectedly large inhomogeneity appears in the 
microscopic GM signal distribution of the films with larger grain sizes. The result 
demonstrates that the most regions inside the microcrystals have a low charge density but 
high leaked gate fields. In contrast, a high charge density is observed around specific part of 
grain boundaries or interior grains where deep and shallow traps should be concentrated. The 
increase of total trap density is observed in association with the decrease of grain size, which 
is fairly consistent with the grain-size dependence of macroscopic field-effect device 
characteristics. These observations should allow us to achieve a correct understanding of 
carrier transport and to improve device characteristics of polycrystalline TFTs.  
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Chapter 4  
Transient and local carrier conduction in 
polycrystalline film 
 
 
 
4.1 Introduction 
 
As described in the preceding chapter, we succeeded in developing a high-resolution 
microscopic gate-modulation imaging (-GMI) technique that permits the visualization of 
the spatial distribution of charge carriers and electric fields within the semiconducting 
channel layers of polycrystalline pentacene thin-film transistors (TFTs). However, the result 
was limited in a steady state only.   
In this chapter, we focus on the transient aspects of carrier conduction in the 
polycrystalline channel layers. A series of temporal GM images is measured by means of the 
nanosecond time-resolved microscopic gate-modulation imaging (TR-GMI) technique, and 
discuss the effect of grain boundaries and carrier trap on local carrier conduction. 
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4.2 Time-resolved measurement for -GMI 
 
4.2.1 Measurement conditions 
 
The TR-GMI measurements were conducted by using a self-build apparatus composed 
of an optical microscope [Nikon, Japan] equipped with a complementary 
metal-oxide-semiconductor (CMOS) area sensor [pco.edge 5.5; PCO AG, Germany], an 
image intensifier [C9546-03MP46; Hamamatsu photonics, Japan], and a pulsed 
light-emitting diode (LED), as shown in Figure 2.6. For this measurement, we employed the 
pentacene TFTs fabricated at substrate temperature of 343 K on silicon wafer as explained in 
the previous chapter, and the transfer characteristics was almost identical. The TFTs was 
illuminated by the LED light [M660L4; Thorlabs, USA] with pulse length of 20 s and a 
photon energy of 1.88 eV, and the reflected light was captured as an optical microscopy 
image by the CMOS area sensor after amplification by the image intensifier. Note that the 
GM images obtained at 1.88 eV (used in this chapter) and 1.85 eV (used in the previous 
chapter) give basically the same spatial distributions of positive and negative GM signals, 
although the GM signal intensity at 1.88 eV was about 20 % less than that at 1.85 eV. 
Note that all the TR-GMI measurements were conducted with electrically-grounded 
source electrode and electrically-floated drain electrode, in order to focus on the observation 
of diffusion current that originates from the concentration gradient of charge carrier density 
in the channel. This is because the diffusion current should reflect the intrinsic transport 
properties more directly, and should be also independent of the drain bias, in contrast to the 
drift current. In this measurement condition, carrier injections should take place only from 
the source electrode, and they should propagate unidirectionally from the source electrode, 
which simplify the analyses of the results. In contrast, in case that the drain bias was applied, 
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it is assumed to add the drift current in the channel by the electric field between source and 
drain electrodes. We consider that the analyses of the measurements should be more 
complicated than the above. Additionally, in case that both source and drain electrodes were 
electrically grounded, carrier injections should take place from both electrodes into the 
channel layer, and they should propagate diffusively from the both sides toward the center of 
the channel. A pulsed bias modulation, switched between 0 and 40 V at 100 Hz, was 
applied to the gate electrode with the pulse length of 1 ms. The reflected light images were 
captured at a frequency of 200 Hz for both gate-on and gate-off states; the resulting 
differential image was integrated and averaged over a number of cycles to obtain the final 
GM image (–R/R); 1.6 million cycles were averaged for the measurements at a time 
resolution of 100 ns, and 6.4 million cycles were averaged for those at a time resolution of 
50 ns. The total time resolution was determined by the operating time of the image intensifier, 
which was set at 100 ns or 50 ns. The timings of the camera exposure of 50 s, the LED 
emission of 25 s, the image-intensifier operation, and the pulsed gate bias were adjusted to 
match one another and were controlled by a four-channel function generator [Model 
VG
image
intensifier
time
ON OFF
camera
exposure
1 ms
1 cycle100 Hz 
≦100 ns
pulsed
LED
20 s
5 s
・・・
・・・
・・・
・・・
Figure 4.1. Timing diagram of the gate bias, camera exposure, LED
lightning, and image intensifier operation. 
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WW2074; Tabor Electronics, Israel], as depicted in Figure 4.1. The TR-GM images were 
acquired by delaying the operation timing of the image intensifier after switching on the gate 
bias, whereas those obtained after switching off the gate bias were fixed at 4 ms. The spatial 
resolution of the TR-GM image was better than 430 nm at a photon energy of 1.88 eV, 
which is basically determined by the numerical aperture (NA) of the objective lens (NA = 
0.95), as represented in the previous chapter. 
 
 
4.2.2 Results 
 
Figure 4.2 shows the optical microscopic and the corresponding TR-GM images of the 
polycrystalline pentacene TFTs obtained at delay time from 100 ns to 500 s. The 
measurements were conducted with a temporal resolution of 100 ns. A microscopic GM 
image obtained at a delay time of 500 s is regarded as a steady-state image due to the 
presence of GM signal over the whole channel. The positive (red-colored) and negative 
(blue-colored) GM signals are distributed inhomogeneously in all the images. These GM 
signals originate from the effects of the electric field and charge carriers, respectively, whose 
distribution corresponds to the polycrystalline morphologies, identified by the 
crossed-Nicols polarized micrographs in Figure 4.3, as discussed in the above chapter. The 
inhomogeneous distribution of charge density should be associated with the sparse presence 
of concentrated traps in the polycrystalline pentacene thin films. We found that the positions 
of positive and negative GM signals in the transient-state images coincided well with those 
in the steady-state image, implying that the distribution of charge traps in the channel is 
inherent and fixed, and is determined by the polycrystalline morphologies. 
We also clearly observe that both the positive and negative GM signals appear near 
source electrode just after switching on gate bias and the areas gradually and simultaneously 
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expanded in the channel. The frontal positions of the accumulated charges and leaked gate 
fields gradually propagated toward the counter-electrodes as time passed. The lateral-line 
profiles of the TR-GM images at delay time from 100 ns to 500 ns with the time intervals 
of 100 ns are shown in Figure 4.4(a); the positive and negative GM signals at each lateral 
position were averaged over all the vertical pixels in the TR-GM images to obtain the red 
and blue profiles, respectively. The signal intensities in the profiles were divided by the 
steady-state GM signal intensities at the corresponding positions obtained at a delay time of 
500 s. This confirmed that the charge front and the field front are identical at a given timing, 
as shown by extrapolating the linear fit of the GM signal (green lines) to the zero baseline 
(the intercept of which is indicated by the black arrows) in Figure 4.4(a). In contrast, the GM 
signals at the right side of the charge front and the field front are very weak in the TR-GM 
images obtained at the various time intervals, as indicated by white-colored region in Figure 
4.2. This shows that the leaked gate fields are apparently absent just after switching on the 
gate bias, but are generated into the channels after accumulation of local charge carriers. We 
conclude that local electric fields within the gate dielectric layers become effective only 
when hole carriers are present in the channels, and consequently excess electrons in the gate 
electrodes charge up in response to the hole carriers in the channel, as shown schematically 
in Figure 4.5. These transient phenomena will be modeled and analyzed below. We also 
comment here that this type of channel charge accumulation is a unique characteristic of 
organic TFTs whose channels are composed of intrinsic semiconductors in which the gate 
fields are not terminated but penetrate into the channel layers.  
Additionally, we conducted the TR-GMI measurements with a shorter temporal 
resolution of 50 ns to observe the transient behavior more clearly. Figure 4.6 shows the 
results for the delay time from 200 ns to 300 ns with time intervals of 50 ns at the identical 
position with that with a temporal resolution of 100 ns (Figure 4.2). 
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Figure 4.2. Optical microscope image and the corresponding TR-GM images at 
various delay times captured with a time resolution of 100 ns. The steady state image 
was measured at a delay time of 500 s. 
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Figure 4.3. Crossed-Nicols polarized micrographs for polycrystalline pentacene
films at polarization rotation angle of (a) 0°, (b) 15°, (c)30°, and (d) 45°. 
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Figure 4.4. (a) The lateral line profiles of TR-GM images whose intensity is divided by
that in the steady state. The red and blue lines indicate the positive and negative GM signals.
The black arrows indicate the frontal positions of the channel determined by extrapolating
the linear fit (green line) to the zero baseline. The yellow regions correspond to the source
and drain electrodes. (b) The expanded line profile near the source electrode. 
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4.3 Correlation between mobility and channel-front propagation 
 
We examined the correlation between field-effect device characteristics and the 
transient behavior of channel front propagation. The frontal positions of the accumulated 
charges and leaked gate fields were identical to one another, as mentioned above. Figure 4.7 
shows the square of the distance d between the frontal positions and the electrode edge, 
determined by the plotted as a function of time t. A linear correlation between d2 and t is 
clearly observed, implying an apparent diffusional motion of charge carriers in the channels 
[110]. By extrapolating the linear fit of the data to 10,000 m2, the transit time of the front 
line between the electrodes was estimated at 900 ns for the whole channel length of 100 m.  
As discussed above, the local gate electric fields become effective after the frontal 
position of the channel charges is reached. This means that the layered gate dielectric 
capacitors were charged successively along the direction of propagation of the current in a 
transverse fashion. To analyze the charge carrier dynamics in the channels of the TFTs 
precisely, we simulated the transient carrier distribution by current continuity equation under 
Figure 4.6. TR-GM images at delay time from 200 ns to 300 ns with a time
resolution of 50 ns, corresponding with Figure 4.2 
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the gradual channel approximation. As a result of the numerical simulations, the frontal 
position ݔ௙௥௢௡௧ of the channel charges can be approximated as follows (see Appendix for 
details): 
ݔ௙௥௢௡௧ ൎ 1.623ඥߤ|ܸீ െ ்ܸ ு|ݐ	. (4.1) 
where ߤ is the carrier mobility, ୋܸ and ୲ܸ୦ are the gate voltage and the threshold voltage, 
respectively. This equation indicates that the frontal position of the channel charges depends 
on the square root of the time t, as was observed in the results of the -GMI experiments 
shown in the upper part of Figure 4.8. From the square-root-of-time dependence, we can 
estimate the carrier mobility to be 1.12 cm2 V1 s1 by using the Equation (4.1); this value is 
consistent with the field-effect mobility from the transfer characteristics under a saturation 
regime of 1.0 cm2 V1 s1 as seen in Figure 3.3.  
Lower panel in Figure 4.8 shows comparisons between the experimental and simulated 
results for the channel charge distribution at various time intervals. We find that the 
simulated results based on Eqs. (A7) and (A8) closely reproduced the experimental results 
and we showed that the transient carrier conduction through channels of TFTs is well 
described by the above temporal-response model of the TFTs. Note that the charge 
Figure 4.7. The square of the distance from the source electrode to the frontal
position of the channel plotted as a function of time. 
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distribution at a delay time of 100 ns shows a greater deviation in the area close to the 
channel–electrode interface, which we will discuss in the next section. 
 
 
4.4 Effects of the electrode interface on the transient charge and 
field distributions 
 
Figure 4.4(b) shows the expanded line profiles of TR-GM images around the source 
electrode, the location of which is indicated by the yellow-colored area. A comparison of the 
line profiles clearly indicates distinct time evolutions for the positive and negative GM 
signals in the channel area close to the channel–electrode interface. The positive GM signal 
Figure 4.8. Transient carrier distribution simulated by the temporal-response
model of TFTs (upper) and a comparison with the experimental results for a
positive GM signal (lower). 
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at in the area near the electrode edge exhibits an obvious peak feature at a delay time of 200 
ns, whereas the negative GM signal in the same area remains to quite small. We also find 
that the negative GM signal exhibits a broad maximum at 200 to 300 ns in the area 
neighboring the above area. 
The peak feature of the positive GM signal observed at a delay time of 200 ns indicates 
that a stronger electric field than that in the steady state is applied momentarily after 
switching on the gate bias. We mention here that the positive GM signal predominates along 
the channel–electrode interface, not only in a transient state, but also in a steady state, as 
seen in Figure 4.2. This implies the presence of an electric field around the channel–
electrode interfaces. Actually, a clear potential drop has been observed by Kelvin probe force 
microscopy [71,72]. This is probably caused by the component having a large resistance at 
the channel–electrode interface. Note that such a transient enhancement of electric fields 
around electrode interfaces has also been observed by means of the SHG imaging technique 
[85]. In addition, the time evolution of the negative GM signal observed at 300 ns indicates 
that more charges than those in the steady state should accumulate momentarily after 
switching on of the gate bias. These features clearly deviate from those expected from the 
temporal-response model of the TFTs presented above. It is probable that the pentacene layer 
near the top-contact electrode is damaged by thermal evaporation of the Au electrode in 
vacuum [111]. In any case, such a temporal evolution near the electrode edge has been 
shown for the first time by the present investigation. 
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4.5 Effects of grain boundaries on transient charge and field 
distributions 
 
We focus here on the microscopic signal distribution in the regions around grain 
boundaries. Figure 4.9 shows the TR-GM image and an expanded one at a delay time of 
250 ns measured with a temporal resolution of 50 ns. The GM signal distribution at 250 ns 
appears to be the same as that in the steady state apparently. However, a detailed comparison 
by cross-sectional profile on the borders between the positive and negative GM signals 
indicates obvious shift of the transient state (red line) to the right side of those for the steady 
state (black line), as shown in Fig. 4.9(b). To show this shift more clearly, the GM signal in 
the transient state was divided by the corresponding GM signal in the steady state for each 
pixel, and the results are represented in Figure 4.9(c). The shift is clearly seen as a 
pink-colored region. The first-derivative-like shape seen in the cross-sectional profile in 
Figure 4.9(d) corresponds to the rightward shift of GM signal distribution in the transient 
state. We found that similar features could be seen for all the borders between the positive 
and negative GM signals. It is interesting to note that the rightward shift is independent of 
the signal positional order, i.e. positive–negative or negative–positive. These features can be 
seen more clearly in Figures 4.10(a)(c). Crossed-Nicols polarized micrographs are also 
shown to delineate the geometry of the polycrystalline grains, and the yellow curves 
indicates the grain boundaries. The border between the positive and negative GM signals is 
located at the grain boundary in Figure 4.10(a), whereas it is located inside the grains in 
Figures 4.10(b) and 4.10(c). A rightward shift of the GM signal distribution is observed in all 
cases, implying that the distribution of accumulated charges shifts transiently over the whole 
channel in the direction of carrier transport. Figures 4.10(d) and 4.10(e) show additional 
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cases that the positive and negative GM signal is continuous over the grain boundary, 
respectively. In the case of the positive GM signal shown in Figure 4.10(d), the signal 
 
 
Figure 4.9. (a) TR-GM image and the expanded image at a delay time of 250 ns with
a time resolution of 50 ns. (b) Cross-sectional profile on the white line in the
TR-GM image for the transient (red) and steady states (black). (c) TR-GM image at
250 ns whose intensity is divided by that in a steady state. (d) Crossed-sectional
profile on the white line in the divided image. 
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Figure 4.10. Cross-sectional profiles one the white lines in crossed-Nicols polarized
micrographs and the corresponding TR-GM images at a delay time of 250 ns obtained
with a time resolution of 50 ns. (a) Border between negative and positive GM signals at a
grain boundary. (b) Border between positive and negative GM signals inside a grain. (c)
Border between negative and positive GM signals inside a grain. (d) Border between
positive and positive GM signals at a grain boundary. (e) Border between negative and
negative GM signals at a grain boundary. Note that the cross-sectional profiles at 250 ns
(red) are shown with those in a steady state (black). 
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intensity in a transient state becomes lower than that in a steady state at the grain boundary. 
In the case of the negative GM signal shown in Figure 4.10(e), the signal intensity in a 
transient state increases more than that in a steady state at the grain boundary. Note that the 
GM signal intensity in a transient state is basically lower than that in a steady state due to 
insufficient accumulation of charge carriers.  
All the cases of transient variations in GM signal distribution are summarized in Figure 
4.11. We consider that the variations are caused by either the potential barrier at a grain 
boundary or by a carrier trap inside a grain. For the case of the negative–positive order of the 
GM signal at a grain boundary, an increase in the negative signal is always seen at the front 
side of the grain boundary. This implies that the carrier transport is limited by the potential 
barrier of the grain boundary, which causes a transient increase in the carrier density at the 
front side of the grain boundary. For the case of the positive–positive order of the GM signal 
Figure 4.11. Schematics showing the microscopic charge distribution in at transient state. 
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at the grain boundary, a decrease in the positive signal is seen at the front side of the grain 
boundary. The feature could also be ascribed to a transient increase in the carrier density at 
the front side of the grain boundary, as the increased carrier density should weaken the 
leaked gate electric field in this case. Finally, an increase in the negative signal is also 
observed for the case of the negative–positive order of the GM signal inside a grain. We 
consider that the concentrated carrier trap inside the grains affects the polarity in the GM 
signals, and that the carrier transport across the concentrated carrier trap should be limited by 
the trap depth, which causes a transient increase in the carrier density in the region to escape 
from a concentration of carrier traps. 
 
 
4.6 Summary 
 
We have investigated the temporal evolution of the channel current and accumulated 
charges in polycrystalline pentacene TFTs by means of a nanosecond TR-GMI technique. A 
series of TR-GM images clearly shows the gradual propagation of GM signals within the 
polycrystalline channel layers. In all the TR-GM images, the positive and negative GM 
signals are observed to be distributed inhomogeneously with roughly (but not exactly) 
identical spatial distribution in the steady-state image, demonstrating that these positive and 
negative GM signals correspond to channel charges and leaked gate fields, respectively. We 
find that the gradual expansion of the positive and negative GM signals is simultaneous, with 
identical frontal positions. This affords clear evidence that the local electric fields within the 
gate dielectric layers become effective when the hole carriers are charged up within the 
channels. Based on these observations, the temporal evolution of the channel current and 
accumulated charges are modeled by applying a temporal-response model of organic TFTs, 
65 
 
which fundamentally reproduces the observed TR-GM images and is highly consistent with 
the transport characteristics. A slight deviation from the model is found in the initial 
TR-GM images at around the channel–electrode interface, indicating that the electric field 
effect is initially concentrated due to the high contact resistance or carrier injection barrier. 
The effect of grain boundaries is also visualized by the TR-GM images, showing that 
potential barriers at the grain boundaries or concentrations of carrier traps cause the temporal 
variations in the GM signals. These results show that the -GMI technique is informative in 
revealing how charge carriers prevail and propagate microscopically over channels layers, 
thereby clarifying the limiting factors in the polycrystalline channel layers in organic TFTs. 
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Chapter 5  
General conclusion 
 
 
 
In this thesis, we visualize the spatial distribution of accumulated charges and leaked 
gate fields in channel layer of polycrystalline pentacene thin-film transistors (TFTs), and 
study the local carrier conduction through the carrier trap within crystalline grain and the 
potential barrier at grain boundary in polycrystalline film. 
 In chapter 2, we develop the diffraction-limit microscopic gate-modulation imaging 
(-GMI) technique with two-dimensional area sensor. This allows us to obtain the spatial 
distribution of charge carrier with the spatial resolution of as high as 430 nm, by using high 
numerical aperture objective lens. Moreover, the introduction of a fast image intensifier 
system enables us to observe the transient behavior of carrier conduction at around 
polycrystalline grains. 
In chapter 3, we conduct the -GMI measurements for polycrystalline pentacene TFTs. 
We find that the positive and negative GM signals coexist in the GM image at probed photon 
energy of 1.85 eV, and distribute in association with polycrystalline morphologies. The 
spectroscopic analysis based on a series of GM images at various photon energies reveals 
that the positive and negative GM signals are well consistent with first- and 
second-derivative of optical absorption spectrum of pentacene films, originating from the 
electric field and carrier accumulation, respectively. This implies that the most regions inside 
the polycrystalline grains have a low charge density with high leaked gate fields, and the 
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high charge density is accumulated partly along grain boundary with a certain spatial 
extension where the carrier traps should be concentrated. In comparison to film with smaller 
grain, the ratio of negative GM signal, corresponding to carrier traps, rises with the increase 
of grain boundary in polycrystalline film, which is fairly consistent with the grain size 
dependence of carrier transport characteristics. 
In chapter 4, we investigate the charge carrier dynamics within the polycrystalline 
channel layer by a series of temporal GM images in a transient state. The nanosecond 
time-resolved microscopic gate-modulation imaging (TR-GMI) measurements with 
temporal resolution of as high as 50 ns is achieved by introducing a fast image-intensifier 
system. It demonstrates the gradual propagation of channel charges and leaked gate fields 
from source electrode within the polycrystalline channel layer. We find that the transit time 
of the front line between the source and drain electrodes was about 900 ns for the whole 
channel length of 100 m, which fairly coincides with both field-effect device characteristic 
and theoretical model. The peculiar variation of electric field is observed at 
channel-electrode interface with a width of a few micrometers, implying that existence of 
contact resistance or carrier injection barrier. The temporal behavior of GM signals at inter- 
and intra-grain is clearly observed in comparison of GM image in transient and steady states. 
In this feature, we identify where and how the local carrier transport was affected by 
potential barrier at grain boundary and carrier trap within polycrystalline grain. 
The findings in this study should provide a clue to understand microscopic and dynamic 
carrier transport mechanism of organic semiconductor materials and improve the device 
characteristics, and should be therefore useful in both academic science and device 
engineering. Although we focused on organic semiconductor material in this study, this 
technique is universally applicable to other materials, despite organic and inorganic. It is 
hoped that carrier transport mechanism within polycrystalline films are properly understood.  
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Appendix 
Transient-response model of organic TFTs 
 
 
The transient charge carrier transport in the channels of TFTs is modeled by using the 
three physical quantities of carrier density ݊ሺݔ, ݐሻ, current density ܬሺݔ, ݐሻ, and electric 
potential ܸሺݔ, ݐሻ within the channels, defined as function of the position ݔ and the time ݐ. 
The variable ݊ሺݔ, ݐሻ is directly associated with ܸሺݔ, ݐሻ by the capacitance of the gate 
dielectric layer, as follows: 
݊ሺݔ, ݐሻ ൌ 	ܥሼܸሺݔ, ݐሻ െ ሺ ୋܸ െ ୲ܸ୦ሻሽ݁ , (A1) 
where ܥ is the capacitance of the gate insulator, ୋܸ and ୲ܸ୦ are the gate voltage and the 
threshold voltage, respectively, and ݁ is the elementary charge. The variable ܬሺݔ, ݐሻ is 
represented as follows: 
ܬሺݔ, ݐሻ ൌ ߪܧ ൌ െ݁ߤ݊ሺݔ, ݐሻ ߲ܸሺݔ, ݐሻ߲ݔ . (A2) 
The variables ݊ሺݔ, ݐሻ and ܬሺݔ, ݐሻ are related by the continuity equation as follows: 
∂݊ሺݔ, ݐሻ
∂ݐ ൌ െ
1
݁
߲ܬሺݔ, ݐሻ
߲ݔ . (A3) 
From Eqs. (A1), (A2), and (A3), a differential equation for ݊ሺݔ, ݐሻ is finally derived as 
∂݊
∂ݐ ൌ
݁ߤ
ܥ
߲
߲ݔ ൬݊
߲݊
߲ݔ൰	. (A4) 
Under the initial condition of ݊ሺݔ, 0ሻ ൌ 0  and the boundary conditions of ݊ሺ0, ݐሻ ൌ
ܥ| ୋܸ െ ୲ܸ୦| ݁⁄  and ݊ሺ∞, ݐሻ ൌ 0, Eq. (A4) can be rewritten as follows: 
∂ݑ
∂ݐ ൌ α
∂
∂ݔ ൬ݑ
߲ݑ
߲ݔ൰	, (A5) 
69 
 
where ߙ ≡ ߤ| ୋܸ െ ୲ܸ୦| . The dimensionless parameter 	ݑሺݔ, ݐሻ  of the carrier density is 
defined as 
ݑሺݔ, ݐሻ ≡ ݁݊ሺݔ, ݐሻܥ| ୋܸ െ ୲ܸ୦|	. (A6) 
By using the Eq. (A6), the initial condition and the boundary conditions can be rewritten as; 
ݑሺݔ, 0ሻ ൌ 0, ݑሺ0, ݐሻ ൌ 1, and uሺ∞, tሻ ൌ 0. The variables ݔ and ݐ in Eq. (A5) can be 
unified by using the Boltzmann transform of s ≡ ݔ √ߙݐ⁄  [112] as follows: 
െ ݏ2݂
ᇱ ൌ ሺ݂ᇱሻଶ ൅ ݂݂ᇱᇱ, (A7) 
where 
ݑሺݔ, ݐሻ ൌ ݂ ൬ ݔ√ߙݐ൰ ൌ ݂ሺݏሻ. (A8) 
We solve the Eq. (A7) numerically, and our results are shown in Figure A1. The frontal 
position of the ݂ሺݏሻ is ~1.623, and the frontal position ݔ௙௥௢௡௧ of the channel charges can 
be approximated as follows: 
ݔ௙௥௢௡௧ ൎ 1.623ඥߤ|ܸீ െ ்ܸ ு|ݐ	. (A9) 
  
Figure A1. The numerical result of the frontal channel position as a function of s. 
0 1 20.0
0.5
1.0
s
 
 
f(s
)
70 
 
 
 
Reference 
 
 
[1] H. Akamatsu, and H. Inokuchi, J. Chem. Phys. 18, 810 (1950). 
[2] H. Inokuchi, Bull. Chem. Soc. Jpn. 25, 28 (1951). 
[3] F. Ebisawa, T. Kurokawa, and S. Nara, J. Appl. Phys. 54, 3255 (1983). 
[4] K. Kudo, M. Yamashita, and T. Moriizumi, Jpn. J. Appl. Phys. 23, 130 (1984). 
[5] S.Luan, and G. W. Neudeck, J. Appl. Phys. 72, 766 (1992). 
[6] F. R. Libsch, and J. Kanicki, Appl. Phys. Lett. 62, 1286 (1993). 
[7] V. Chu, J. Jarego, H. Silva, T. Silva,and M. Reissner, Appl. Phys. Lett. 70, 2714 (1997). 
[8] G. Horowitz, X.-Z. Peng, D. Fichou, and F. Garnier, Synth. Met. 51, 419 (1992). 
[9] C. D. Dimitrakopoulos, A. R. Brown, and A. Pomp, J. Appl. Phys. 80, 2501 (1996). 
[10] J. G. Laquindanum, H. E. Katz, A. J. Lovinger, and A. Dodabalapur, Chem. Mater. 8, 
2542 (1996). 
[11] Y.-Y. Lin, D. J. Gundlach, S. F. Nelson, and T. N. Jackson, IEEE Electron. Device Lett. 
18, 606 (1997). 
[12] S. F. Nelson, Y.-Y. Lin, D. J. Gundlach, and T. N. Jackson, Appl. Phys. Lett. 72, 1854 
(1998). 
[13] H. Klauk, M. Halik, U. Zschieschang, G. Schmid, W. Radlik, and W. Weber, J. Appl. 
Phys. 92, 5259 (2002). 
[14] K. Takimiya, H. Ebata, K. Sakamoto, T. Izawa, T. Otsubo, and Y. Kunugi, J. Am. Chem. 
Soc. 128, 12604 (2006). 
[15] H. Ebata, T. Izawa, E. Miyazaki, K. Takimiya, M. Ikeda, H. Kuwabara, and T. Yui, J. 
Am. Chem. Soc. 129, 15732 (2007). 
[16] T. Yamamoto, and K. Takimiya, J. Am. Chem. Soc. 129, 2224 (2007). 
[17] H. Minemawari, T. Yamada, H. Matsui, J. Tsutsumi, S. Haas, R. Chiba, R. Kumai, and T. 
Hasegawa, Nature 475, 364 (2011). 
[18] Y. Yuan, G. Giri, A. L. Ayzner, A. P. Zoombelt, S. C. B. Mannsfeld, J. Chen, D. 
Nordlund, M. F. Toney, J. Huang, and Z. Bao, Nat. Commun. 5, 3005 (2014). 
[19] H. Iino, T. Usui, and J. Hanna, Nat. Commun. 6, 6828 (2015). 
[20] A. Tsumura, H. Koezuka, and T. Ando, Appl. Phys. Lett. 49, 1210 (1986). 
[21] Z. Bao, A. Dodabalapur, and A. J. Lovinger, Appl. Phys. Lett. 69, 4108 (1996). 
[22] H. Sirringhaus, N. Tessler, R. H. Friend, Science 280, 1741 (1998). 
71 
 
[23] H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielson, K. Bechgaard, B. W. W. 
Langeveld-Voss, A. J. H. Spiering, R. A. J. Janssen, E. W. Meijer, P. Herwig, and D. M. 
de Leeuw, Nature 401, 685 (1999). 
[24] D. H. Kim, Y. D. Park, Y. Jang, H. Yang, Y. H. Kim, J. I. Han, D. G. Moon, S. Park, T. 
Chang, C. Chang, M. Joo, C. Y. Ryu, and K. Cho. Adv. Funct. Mater. 15, 77 (2005). 
[25] I. McCulloch, M. Heeney, C. Bailey, K. Genevicius, I. MacDonald, M. Shkunov, D. 
Sparrowe, S. Tierney, R. Wagner, W. Zhang, M. L. Chabinyc, R. J. Kline, M. D. 
McGehee, and M. F. Toney, Nat. Mater. 5, 328 (2006). 
[26] Z. Chen, Y. Zheng, H. Yan, and A. Facchetti, J. Am. Chem. Soc. 131, 8 (2009). 
[27] H. Yan, Z. Chen, Y. Zheng, C. Newman, J. R. Quinn, F. Dötz, M. Kastler, and A. 
Facchetti, Nature 457, 679 (2009). 
[28] W. Zhang, J. Smith, S. E. Watkins, R. Gysel, M. McGehee, A. Salleo, J. Kirkpatrick, S. 
Ashraf, T. Anthopoulos, M. Heeney, and I. McCulloch, J. Am. Chem. Soc. 132, 11437 
(2010). 
[29] Y. Li, S. P. Singh, and P. Sonar, Adv. Mater. 22, 4862 (2010). 
[30] J. Mei, D. H. Kim, A. L. Ayzner, M. F. Toney, and Z. Bao, J. Am. Chem. Soc. 133, 
20130 (2011). 
[31] I. Osaka, M. Shimawaki, H. Mori, I. Doi, E. Miyazaki, T. Koganezawa, and K. 
Takimiya, J. Am. Chem. Soc. 134, 3498 (2012). 
[32] Z. Chen, M. J. Lee, R. S. Ashraf, Y. Gu, S. Albert-Seifried, M. M. Nielsen, B. Schroeder, 
T. D. Anthopoulos, M. Heeney, I. McCulloch, and H. Sirringhaus, Adv. Mater. 24, 647 
(2012). 
[33] H. Chen, Y. Guo, G. Yu, Y. Zhao, J. Zhang, D. Gao, H. Liu, and Y. Liu, Adv. Mater. 24, 
4618 (2012). 
[34] I. Kang, H.-J. Yun, D. S. Chung, S.-K. Kwon, and Y.-H. Kim, J. Am. Chem. Soc. 135, 
14896 (2013). 
[35] H.-R. Tseng, H. Phan, C. Luo, M. Wang, L. A. Perez, S. N. Patel, L. Ying, E. J. Kramer, 
T.-Q. Nguyen, G. C. Bazan, and A. J. Heeger, Adv. Mater. 26, 2993 (2014). 
[36] G. Kim, S.-J. Kang, G. K. Dutta, Y.-K. Han, T. J. Shin, Y.-Y. Noh, and C. Yang, J. Am. 
Chem. Soc. 136, 9477 (2014). 
[37] D. K. Schroder, and J. Guldberg, Solid-St. Electron. 14, 1285 (1971). 
[38] W. T. Wondmagegn, N. T. Satyala, I. Mejia-Silva, D. Mao, S. Gowrisanker, H. N. 
Alshareef, H. J. Stiegler, M. A. Quevedo-Lopez, R. J. Pieper, and B. E. Gnade, Thin 
Solid Films 519, 4313 (2011). 
[39] C. H. Kim, O. Yaghmazadeh, D. Tondelier, Y. B. Jeong, Y. Bonnassieux, and G. 
Horowitz, J. Appl. Phys. 109, 083710 (2011). 
[40] J. Y. W. Seto, J. Appl. Phys. 46, 5247 (1975). 
[41] W. G. Hawkins, IEEE Trans. Electron Devices ED-33, 477 (1986). 
72 
 
[42] S. D. Brotherton, Semicond. Sci. Technol. 10, 721 (1995). 
[43] S. D. Brotherton, D. J. McColluch, J. P. Gowers, J. R. Ayres, and M. J. Trainor, J. Appl. 
Phys. 82, 4086 (1997). 
[44] P. M. Voyles, J. E. Gerbi, M. M. J. Treacy, J. M. Gibson, and J. R. Abelson, Phys. Rev. 
Lett. 86, 5514 (2001). 
[45] T. Serikawa, and F. Omata, IEEE Trans. Electron Devices 49, 820 (2002). 
[46] C.-Y. Chen, J.-W. Lee, S.-D. Wang, M.-S. Shieh, P.-H. Lee, W.- C. Chen, H.-Y. Lin, 
K.-L. Yeh, and T.-F. Lei, IEEE Trans. Electron Devices 53, 2993 (2006). 
[47] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. Hosono, Nature 432, 488 
(2004). 
[48] T. Kamiya, K. Nomura, and H. Hosono, Sci. Technol. Adv. Mater. 11, 044305 (2010). 
[49] L. Petti, N. Münzenrieder, C. Vogt, H. Faber, L. Büthe, G. Cantarella, F. Bottacchi, T. D. 
Anthopoulos, and G. Tröster, Appl. Phys. Lett. 3, 021303 (2016). 
[50] M. Engel, J. P. Small, M. Stelner, M. Freltag, A. A. Green, M. C. Hersam, and P. 
Avourls, ACS Nano 2, 2445 (2008). 
[51] A. Reina, X. Jia, J. Ho, D. Nezich, H. Son, V. Bulovic, M. S. Dresselhaus, nad J. Kong, 
Nano Lett. 9, 30 (2009). 
[52] O. V. Yazyev, and S. G. Louie, Nat. Mater. 9, 806 (2010). 
[53] D.-M. Sun, M. Y. Timmermans, Y. Tian, A. G. Nasibulin, E. I. Kauppinen, S. Kishimoto, 
T. Mizutani, and Y. Ohno, Nat. Nanotechnol. 6, 156 (2011). 
[54] P. Y. Huang, C. S. Ruiz-Vargas, A. M. van der Zande, W. S. Whitney, M. P. Levendrf. J. 
W. Kevek, S. Garg, J. S. Alden, C. J. Hustedt, Y. Zhu, J. Park, P. L. McEuen, and D. A. 
Muller, Nature 469, 389 (2011). 
[55] Q. Yu, L. A. Jauregui, W. Wu, R. Colby, J. Tian, Z. Su, H. Cao, Z. Liu, D. Pandey, D. 
Wei, T. F. Chung, P. Peng, N. P. Guisinger, E. A. Stach, J. Bao, S.-S. Pei, and Y. P. Chen, 
Nat. Mater. 10, 443 (2011). 
[56] C. R. Kagan, D. B. Mitzi, and C. D. Dimitrakopoulos, Science 286, 945 (1999). 
[57] T. M. Brenner, D. A. Egger, L. Kronik, G. Hodes, and D. Cahen, Nat. Rev. Mater. 15007, 
1 (2016). 
[58] Y. Zhao, and K. Zhu, Chem. Soc. Rev. 45, 655 (2016). 
[59] T. Someya, T. Sekitani, S. Iba, Y. Kato, H. Kawaguchi, and T. Sakurai, Proc. Natl. Acad. 
Sci. USA 101, 9966 (2004). 
[60] J. Rivnay, L. H. Jimson, J. E. Northrup, M. F. Toney, R. Noriega, S. Lu, T. J. Marks, A. 
Facchetti, and A. Salleo, Nat. Mater. 8, 952 (2009). 
[61] A. C. Arias, J. D. MacKenzie, I. McCulloch, J. Rivnay, and A. Salleo, Chem. Rev. 11, 3 
(2010). 
[62] A, Facchetti, Chem. Mater. 23, 733 (2010). 
73 
 
[63] S. Lee, A. Reuveny, J. Reeder, S. Lee, H. Jin, Q. Liu, T. Yokota, T. Sekitani, T. Isoyama, 
Y. Abe, Z. Suo, and T. Someya, Nat. Nanotechnol. 11, 472 (2016). 
[64] Y. Naijoh, T. Yashiro, S. Hirano, Y. Okada, S. Kim, K. Tsuji, H. Takahashi, K. Fujimura, 
and H. Kondoh, IDW 11 DIGEST, 375 (2011). 
[65] J. Tsutsumi, S. Matsuoka, T. Kamata, and T. Hasegawa, Org. Electron. in press. 
[66] A. Yamamura, H. Matsui, M. Uno, N. Isahaya, Y. Tanaka, M. Kudo, M. Ito, C. Mitsui, T. 
Okamoto, and J. Takeya, Adv. Electron. Mater. 3, 1600360 (2017). 
[67] H. Yanagisawa, T. Tamaki, M. Nakamura, and K. Kudo, Thin Solid Films 464, 398 
(2004). 
[68] B. Stadlober, U. Haas, H. Maresch, and A, Haase, Phys. Rev. B 74, 165302 (2006). 
[69] A.-L. Deman, M. Erouel, D. Lallemand, M. Phaner-Goutorbe, P. Lang, and J. Tardy, J. 
Non-Cryst. Solids 354, 1598 (2008). 
[70] D. Käfer, L. Ruppel, and G. Witte, Phys. Rev. B 75, 085309 (2007). 
[71] L. Bürgi, H. Sirringhaus, and R. H. Friend, Appl. Phys. Lett. 80, 2913 (2002). 
[72] K. P. Puntambekar, P. V. Pesavento, and C. D. Frisbie, Appl. Phys. Lett. 83, 5539 (2003). 
[73] J. A. Nichols, D. J. Gundlach, and T. N. Jackson, App. Phys. Lett. 83, 2366 (2003). 
[74] K. Puntambekar, J. Dong, G. Haugstad, and C. D. Frisbie, Adv. Funct. Mater. 16, 879 
(2006). 
[75] S. Yogev, R. Matsubara, M. Nakamura, and Y. Rosenwaks, Org. Electron. 11, 1729 
(2012). 
[76] M. Ando, S. Heike, M. Kawasaki, and T. Hashizume, Appl. Phys. Lett. 105, 193303 
(2014). 
[77] J. Murawski, T. Mönch, P. Milde, M. P. Hein, S. Nicht, U. Zerweck-Trogisch, and L. M. 
Eng, J. Appl. Phys. 118, 244502 (2015). 
[78] H. Tanaka, S. Watanabe, H. Ito, K. Marumoto, and S. Kuroda, Appl. Phys. Lett. 94, 
103308 (2009). 
[79] H. Matsui, D. Kumaki, E. Takahashi, K. Takimiya, S. Tokito, and T. Hasegawa, Phys. 
Rev. B: Condens. Matter Mater. Phys. 85, 035308 (2012).  
[80] J. Tsurumi, H. Matsui, T. Kubo, R. Häusermann, C. Mitsui, T. Okamoto, S. Watanabe, 
and J. Takeya, Nat. Phys. 13, 994 (2017). 
[81] T.Virgili, G. Grancini, E. Molotokaite, I. Suarez-Lopez, S. K. Rajendran, A. Liscio, V. 
Palermo, G. Lanzani, D. Polli, and G. Cerullo, Nanoscale 4, 2219 (2012). 
[82] C. Liewald, D. Reiser, C. Westermeier, and B. Nickel, Appl. Phys. Lett. 109, 053301 
(2016). 
[83] T. Manaka, E. Lim, R. Tamura, and M. Iwamoto, Nat. Photonics 1, 581 (2007). 
[84] T. Manaka, F. Liu, M. Weis, and M. Iwamoto, Phys. Rev. B 78, 121302(R) (2008). 
[85] T. Manaka, F. Liu, M. Weis, and M. Iwamoto, J. Phys. Chem. C 113, 10279 (2009). 
74 
 
[86] K. E. Ziemelis, A. T. Hussain, D. D. C. Bradley, and R. H. Friend, Phys. Rev. Lett. 66, 
2231 (1991). 
[87] P. J. Brown, and H. Sirringhaus, Phys. Rev. B 63, 125204 (2001). 
[88] H. Matsui, and T. Hasegawa, Appl. Phys. Lett. 95, 223301 (2009). 
[89] S. Haas, H. Matsui, and T. Hasegawa, Phys. Rev. B 82, 161301(R) (2010). 
[90] T. Manaka, S. Kawashima, and M. Iwamoto, Jpn. J. Appl. Phys. 50, 04DK12 (2011). 
[91] H. Xu, Y. Jiang, J. Li, B. S. Ong, Z. Shuai, J. Xu, and N. Zhao, J. Phys. Chem. C 117, 
6835 (2013). 
[92] C. Sciascia, N. Martino, T. Schuettfort, B. Watts, G. Grancini, M. R. Antognazza, M. 
Zavelani-Rossi, C. R. McNeil, and M. Caironi, Adv. Mater. 23, 5086 (2011). 
[93] J. Tsutsumi, S. Matsuoka, I. Osaka, R. Kumai, and Hasegawa, Phys. Rev. B 95, 115306 
(2017). 
[94] T. Manaka, S. Kawashima, and M. Iwamoto, Appl. Phys. Lett. 97, 113302 (2010). 
[95] A. R. Davis, L. N. Pye, N. Katz, J. A. Hudgings, and K. R. Carter, Adv. Mater. 
(Weinheim, Ger.) 26, 4539 (2014). 
[96] J. Tsutsumi, S. Matsuoka, T. Yamada, and T. Hasegawa, Org. Electron. 25, 289 (2015). 
[97] G. Horowitz, M. E. Hajlaoui, and R. Hajlaoui, J. Appl. Phys. 87, 4456 (2000). 
[98] G. Horowitz, and M. E. Hajlaoui, Synth. Met. 122, 185 (2001). 
[99] A. Di Carlo, F. Piacenza, A. Bolognesi, B. Stadlober, and H. Maresch, Appl. Phys. Lett. 
86, 263501 (2005). 
[100] M. Nakamura, H. Ohguri, N. Goto, H. Tomii, M. Xu, T. Miyamoto, R. Matsubara, N. 
Ohashi, M. Sakai, K. Kudo, Appl. Phys. A 95, 73 (2009). 
[101] Y. Hu, L. Wang, Q. Qi, D. Li, and C. Jiang, J. Phys. Chem. C 115, 23568 (2011). 
[102] M. W. B. Wilson, A. Rao, J. Clark, R. S. S. Kumar, D. Brida, G. Cerullo, and R. H. 
Friend, J. Am. Chem. Soc. 133, 11830 (2011). 
[103] N. J. Hestand, H. Yamagata, B. Xu, D. Sun, Y. Zhong, A. R. Harutyunyan, G. Chen, 
H.-L. Dai, Y. Rao, and F. C. Spano, J. Phys. Chem. C 199, 22137 (2015). 
[104] L. Sebastian, G. Weiser, and H. Bässler, Chem. Phys. 61, 125 (1981). 
[105] H. Matsui, A. S. Mishchenko, T. Hasegawa, Phys. Rev. Lett. 104, 056602 (2010). 
[106] A. S. Mishchenko, H. Matsui, and T. Hasegawa, Phys. Rev. B: Condens. Matter Mater. 
Phys. 85, 085211 (2012). 
[107] C. H. Kim, O. Yaghmazadeh, D. Tondelier, Y. B. Jeong, Y. Bonnassieux, and G. 
Horowitz, J. Appl. Phys. 109, 083710 (2011). 
[108] S. Verlaak, and P. Heremans, Phys. Rev. B: Condens. Matter Mater. Phys. 75, 115127 
(2007). 
[109] B. Bräuer, A. Virkar, S. C. B. Mannsfeld, D. P. Bernstein, R. Kukreja, K. W. Chou, T. 
Tyliszczak, Z. Bao, and Y. Acremann, Chem. Mater. 22, 3693 (2010). 
[110] W. Shockley, Proc. IRE 40, 1289 (1952). 
75 
 
[111] P. V. Pesavento, R. J. Chesterfield, C. R. Newman, and C. D. Frisbie, J. Appl. Phys. 96, 
7312 (2004). 
[112] L. Boltzmann, Ann. Phys. 289, 959 (1894). 
 
 
  
76 
 
 
 
List of publication for this thesis 
 
 
1. “Microscopic gate-modulation imaging of charge and field distribution in polycrystalline 
organic transisors”, 
Satoshi Matsuoka, Jun’ya Tsutsumi, Toshihide Kamata, and Tatsuo Hasegawa, 
J. Appl. Phys. under review. 
 
2. “Nanosecond time-resolved microscopic gate-modulation imaging of polycrystalline 
organic thin-film transisotrs”, 
Satoshi Matsuoka, Jun’ya Tsutsumi, Hiroyuki Matsui, Toshihide Kamata, and Tatsuo 
Hasegawa, 
Phys. Rev. Appl. in press. 
 
3. “Fast-optical inspection of operations of large-area active-matrix backplane by gate 
modulation imaging” 
Jun’ya Tsutsumi, Satoshi Matsuoka, Toshihide Kamata, and Tatsuo Hasegawa, 
Org. Electron. in press. 
 
4. “Gate-modulation imaging of organic thin-film transistor arrays: Visualization of 
distributed mobility and dead pixels”, 
Jun’ya Tsutsumi, Satoshi Matsuoka, Toshikazu Yamada, and Tatsuo Hasegawa, 
Org. Electron. 25, 289 (2015). 
 
 
 
 
 
 
 
 
 
 
77 
 
The other publications 
 
5. “Reduced exchange narrowing caused by gate-induced charge carriers in high-mobility 
donor-acceptor copolymers”, 
Jun’ya Tsutsumi, Satoshi Matsuoka, Itaru Osaka, Reiji Kumai, and Tatsuo Hasegawa, 
Phys. Rev. B 95, 115306 (2017). 
 
6. “Self-assembly of donor-acceptor semiconducting polymers in solution thin films: A 
molecular dynamics simulation study”, 
Makoto Yoneya, Satoshi Matsuoka, Jun’ya Tsutsumi, and Tatsuo Hasegawa, 
J. Mater. Chem. C 5, 9602 (2017). 
 
7. “Unidirectionally crystallized stable n-type organic thin-film transistors based on 
solution-processable donor-acceptor compounds” 
Yosei Shibata, Jun’ya Tsutsumi, Satoshi Matsuoka, Hiromi Minemawari, Shunto Arai, 
and Tatsuo Hasegawa, 
Adv. Electron. Mater. 3, 1700097 (2017). 
 
8. “Electronic structure of stable n-type semiconducting molecular complex 
(diC8-BTBT)(TCNQ) studied by ultraviolet photoemission and inverse photoemission 
spectroscopy”, 
Harunobu Koike, Jun’ya Tsutsumi, Satoshi Matsuoka, Kazuma Sato, Tatsuo Hasegawa, 
and Kaname Kanai, 
Org. Electron. 39, 184 (2016). 
 
9. “Uniaxially oriented polycrystalline thin films and air-stable n-type transistors based on 
donor-acceptor semiconductor (diC8BTBT)(FnTCNQ)[n = 0, 2, 4]”, 
Yosei Shibata, Jun’ya Tsutsumi, Satoshi Matsuoka, Koji Matsubara, Yuji Yoshida, 
Masayuki Chikamatsu, and Tatsuo Hasegawa, 
App. Phys. Lett. 106, 143303 (2015). 
 
10. “N-type field-effect transistors based on layered crystalline donor-acceptor 
semiconductors with dialkylated benzothienobenzothiophenes as electron donors”, 
Jun’ya Tsutsumi, Satoshi Matsuoka, Satoru Inoue, Hiromi Minemawari, Toshikazu 
Yamada, and Tatsuo Hasegawa, 
J. Mater. Chem. C 3, 1976 (2015). 
  
78 
 
 
 
Acknowledgements 
 
 
 
This doctoral thesis is composed of my research when I have enrolled at doctoral 
program in chemistry, the graduate school of pure and applied sciences, University of 
Tsukuba, for three years.  
Firstly, I would like to express my sincere appreciation to my supervisor Prof. Toshihide 
Kamata of University of Tsukuba for his guidance of research life and being given the 
opportunity for Ph. D.  
I give heartfelt thanks to Prof. Tatsuo Hasegawa of University of Tokyo, and Dr. Jun’ya 
Tsutsumi of National Institute of Advanced Industrial Science and technology (AIST). They 
have provided me the technical guidance for experiment, the extensive discussion about the 
research, and warm encouragement. Without their guidance and persistent help, this thesis 
would not have been possible. 
I am grateful to the following member of the Flexible Material Base Team, Flexible 
Electronics Research Center, AIST. I have studied many things about the research during I 
have worked as technical staff. Dr. Makoto Yoneya, Dr. Sachio Horiuchi, and Prof. Madoka 
Tokumoto supported me from many areas of my work and gave me the constructive 
comments. Dr. Hiromi Minemawari and Dr. Toshiki Higashino advised me on the 
experiment and discussion. Ms. Shiho Ono supported my clerical work. I received the 
helpful advices from Dr. Toshikazu Yamada of GaN Advanced Device Open Innovation 
Laboratory, AIST, Dr. Satoru Inoue of Nihon Kayaku Co., Ltd., Dr. Yuki Noda of Osaka 
79 
 
University, Dr. Yosei Shibata of Tohoku University, and Dr. Katsuo Fukuhara of Toyo Ink 
Co., Ltd. I had a great time of my research life with Ms. Yuko Hanawa and Mr. Fuminori 
Kamada. 
I appreciate the important contribution for the paper and useful comments by Dr. 
Hiroyuki Matsui of Yamagata University. 
I give thanks to all member of Hasegawa Laboratory in University of Tokyo. Dr. Shunto 
Arai gives me insightful comments about my work. Mr. Takamasa Hamai, Mr. Keisuke 
Aoshima (Fujifilm Co. Ltd.), Mr. Yohei Uemura and Mr. Gyo Kitahara supported my works. 
Mr. Yuya Hirakawa, Mr. Hiroaki Taiko, Mr. Tsubasa Yoshinaga and Ms. Shino Yamada give 
me a lot of enjoyment during my research life. 
Finally, I would like to express my gratitude to my family for their kind support. 
